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Hyung Jun Tak and Sung Ho Jang*Abstract
Background: The role of the arcuate fasciculus (AF) in the dominant hemisphere in stroke patients with aphasia
has not been clearly elucidated. We investigated the relation between language function and diffusion tensor
tractography (DTT) findings for the left AF in chronic stroke patients with aphasia.
Method: Twenty five consecutive right-handed stroke patients with aphasia following lesions in the left hemisphere
were recruited for this study. The aphasia quotient (AQ) of Korean-Western Aphasia Battery was used for assessment
of language function. We measured values of fractional anisotropy (FA), apparent diffusion coefficient (ADC), voxel number
of the left AF. We classified patients into three groups: type A - the left AF was not reconstructed, type B - the left AF was
discontinued between Wernicke’s and Broca’s areas, and type C – the left AF was preserved around the stroke lesion.
Results: Moderate positive correlation was observed between AQ and voxel number of the left AF (r = 0.471, p < 0.05).
However, no correlation was observed between AQ and FA (r = 0.275, p > 0.05) and ADC values (r = -0.286, p > 0.05).
Significant differences in AQ scores were observed between the three types (p < 0.05); the AQ score of type C was
higher than those of type A and B, and that of type B was also higher than that of type A (p < 0.05).
Conclusion: According to our findings, the remaining volume of the left AF, irrespective of directionality and diffusivity,
showed moderate positive correlation with language function in chronic stroke patients with aphasia. Discontinuation or
non-construction of the left AF was also an important factor for language function.
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Aphasia is one of the most common sequelae of stroke.
Approximately 24%-38% of stroke patients have been
reported to suffer from aphasia during acute stage [1-4].
Although patients with aphasia can show some degree of
spontaneous recovery, this improvement of aphasia is
observed mainly during the first three months after
stroke onset [2,3,5-7]. Consequently, approximately
10-18% of stroke patients are known to suffer from
aphasia during chronic stage [1,6-8].
Since identification of the arcuate fasciculus (AF) as
the neural tract connecting Broca’s and Wernicke’s areas
by Von Monakow, the AF has been regarded as an
important neural tract for language [9]. Previous studies
of the AF using intra-operative mapping techniques, brain
CT, conventional brain MRI, or functional neuroimaging* Correspondence: strokerehab@hanmail.net
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unless otherwise stated.techniques have been conducted [10-12]. However,
because it cannot be clearly discriminated from adjacent
structures, many difficulties have been encountered in the
effort to obtain an accurate estimation of the AF.
By contrast, diffusion tensor tractography (DTT),
derived from diffusion tensor imaging (DTI), allows for
identification and evaluation of the AF in 3-D images
[13,14]. In recent years, many studies using DTT for
evaluation of the AF have been conducted for research
on aphasia in stroke patients [15-23]. Several of these
studies have demonstrated that impairment of the AF in
the dominant hemisphere could play an important role
in aphasia [15,16,18,19,23]. However, the role of the AF
in the dominant hemisphere in stroke patients with
aphasia has not been clearly elucidated.
In the current study, we attempted to investigate the
relation between language function and DTT findings of
the left AF in chronic stroke patients with aphasia.l Ltd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
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Subjects
Twenty five consecutive right-handed patients (mean age
46.0 ± 11.6 years) were recruited according to following
inclusion criteria: (1) first-ever stroke, (2) age range:
20 ~ 69 years, (3) stroke lesion was located in the left
hemisphere, (4) aphasia: aphasia quotient (AQ) scores
on Korean-Western Aphasia Battery (K-WAB) below
92.8, (5) DTI scanning and K-WAB were performed
after three months from stroke onset, (6) no history of
stroke, head trauma, or psychiatric disorder, and (7) no
previous stroke lesion on the brain MRI which was taken at
stroke onset [24]. This study was performed retrospectively
and the study protocol was approved by the Institutional
Review Board of the Yeungnam university hospital.
Evaluation of language function
The AQ of K-WAB was conducted for assessment of
language dysfunction at a chronic stage of stroke
(mean 229.2 ± 159.4 days after onset). Reliability and
validity of K-WAB have been well-established [24,25].
Diffusion tensor imaging
DTI data were acquired at an average of 181.5 ± 75.3 days
after onset using the 1.5-T Philips Gyroscan Intera system
(Hoffman-LaRoche, Mijdrecht, Netherlands), equipped
with a synergy-L Sensitivity Encoding (SENSE) head coil
and utilizing a single-shot, spin-echo planar imaging pulse
sequence. Sixty-seven contiguous slices were acquired
for each of the 32 non-collinear diffusion-sensitizing
gradients. Imaging parameters were as follows: acquisition
matrix = 128 128 matrix, field of view = 221 221 mm2,
TE = 76 ms, TR = 10,726 ms, SENSE factor = 2; EPI
factor = 67 and b = 600 mm2s-1; NEX = 1; and a slice
thickness of 2.3 mm.
Removal of eddy current-induced image distortions
using affine multi-scale two-dimensional registration
was performed at the Oxford Centre for Functional
Magnetic Resonance Imaging of Brain (FMRIB) Software
Library (FSL; www.fmrib.ox.ac.uk/fsl) [26]. DTI-Studio
software (CMRM, Johns Hopkins Medical Institute,
Baltimore, MD, USA) was used for evaluation of the left
AF, which was based on the fiber assignment continuous
tracking (FACT) algorithm and the multiple regions of
interest (ROIs) approach. By using Nucifora’s method,
we placed two ROIs for tracking of the AF, i.e. the
seed ROI in the posterior parietal area of the superior
longitudinal fascicle and the target ROI in the posterior
temporal lobe [27-29]. Termination criteria used for fiber
tracking was FA < 0.2 and angle < 60 [23].
We measured the values of fractional anisotropy (FA),
apparent diffusion coefficient (ADC), and voxel number
of the left AF. We then classified patients into three
groups, according to the severity of the AF impairment:type A - the left AF was not reconstructed, due to severe
injury and degeneration (Figure 1). We confirmed
non-reconstruction of the left AF by lowering the FA
value to 0.1 and by placement of only one ROI along
the left AF pathway. In addition, we confirmed severe
degeneration of the left AF on the color map. Type B - the
left AF was discontinued between Wernicke’s and Broca’s
areas, type C – the left AF was preserved around the
stroke lesion, i.e., the tract originating from Wernicke’s
area and passing around the lesion to Broca’s area.
Measurement of volume of stroke lesion
Volume of stroke lesion was measured on T2-weighted
MRI images using a picture-archived communication
system (PACS, Marotech, Korea). We measured maximum
width (X), length (Y), and height (Z) of the lesion at the
level where stroke lesion could be clearly observed. Lesion
volume was calculated according to the formula [30]:




 π X cmð Þ
 Y cmð Þ  Z cmð Þ:
Statistical analysis
Statistical Package for the Social Sciences for windows
(SPSS version 12.0 K, SPSS Korea) was used in perform-
ance of all statistical analyses. The Mann-Whitney test
was performed for comparison of significant differences
of AQ, age, volume of stroke lesion (mV), DTI evaluation
time post onset (days), and K-WAB evaluation time post
onset (days) between the three types of the left AF. The
Mann-Whitney test was also used for comparison of
differences in DTT parameters (FA, ADC, and voxel
number) between type B and type C. Pearson’s correlation
analysis was employed for estimation of significant
correlation of AQ with DTT parameters (FA, ADC, and
voxel number). The level of statistical significance was
set at p <0.05.
Results
Demographic and DTT findings are summarized in
Table 1. Twenty-five patients were classified into three
groups according to the DTT type for the AF. Six patients
belonged to the type A group (four males; mean age
49.3 ± 7.8 years; range 41 to 63 years), eleven patients
to the type B group (six males; mean age 49.6 ± 9.0 years;
range 37 to 66 years), and eight patients (four males; mean
age 38.6 ± 14.5 years; range 20 to 63 years) to the type C
group. No difference in distribution of age, DTI scanning
time from onset, and K-WAB evaluation time from onset
was observed between the three AF types (p > 0.05).
However, lesion volume of the type A group was greater
than those of type B and C groups (p < 0.05) although
there was no difference between the type B and C groups
Figure 1 Classification of aphasia patients according to severity of the arcuate fasciculus impairment. (A) T2-weighted brain MRI in
chronic stroke patients with aphasia, (B) diffusion tensor imaging tractogrophy for the arcuate fasciculus (AF) (Right AF: yellow color, left AF: red
color, arrow: discontinuation).
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observed between the three types (p < 0.05); AQ score of
the type C group was higher than those of type A
and type B, and that of type B was also higher than
that of type A (p < 0.05). With regard to FA, ADC, andTable 1 Demographic and diffusion tensor tractography data
Variables Total
Patient number (male: female) 25 (14:11)
Age 46.0 (11.6)
Days to diffusion tensor imaging 181.5 (75.3)
Days to Korean-western aphasia battery 229.2 (159.4)
Stroke lesion volume (mV) 24.8 (23.7)
Aphasia quotient 43.5 (29.4)
Fractional anisotropy 0.44 (0.06)
Apparent diffusion coefficient 0.82 (0.41)
Voxel number 7.85 (3.32)
Values indicate mean (± standard deviation).voxel number of the left AF, no significant differences were
observed between the type B and C groups (p > 0.05).
Moderate positive correlation was observed between
AQ and voxel number of the left AF (r = 0.471, p < 0.05)
[31]. However, no correlation was observed between AQfor the left arcuate fasciculus
Diffuse tensor tractography type
A B C
6 (4:2) 11 (6:5) 8 (4:4)
49.3 (7.8) 49.6 (9.0) 38.6 (14.5)
156.3 (75.0) 187.9 (65.4) 191.5 (92.7)
181.7 (103.7) 192.5 (67.8) 315.3 (245.7)
58.8 (25.4) 15.0 (7.8) 12.8 (8.8)
11.1 (6.0) 41.6 (24.5) 70.4 (18.9)
- 0.42 (0.30) 0.46 (0.78)
- 0.82 (0.03) 0.81 (0.05)
- 6.37 (2.34) 9.89 (3.52)
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p > 0.05) (Table 2).
Discussion
In this study, using DTT, we analyzed the status of the
left AF in chronic stroke patients with aphasia and
investigated relations between AQ and DTT findings of
the left AF. Our results can be summarized as follows: 1)
AQ showed moderate positive correlation with voxel
number of the left AF. However, it did not show
correlation with FA and ADC values of the left AF.
2) AQ differed according to the discontinuation or
non-construction of the left AF; specifically, poorer
AQ scores were observed for patients who showed
discontinuation of integrity or non-construction of
the left AF on DTT, compared with patients who did
not show those findings. FA value represents the
degree of directionality of microstructures (e.g., axons,
myelin, and microtubules), and ADC value indicates
the magnitude of water diffusion [14,32]. The oppos-
ite correlation of FA (r = 0.275) and ADC (r = -0.286)
with AQ appear to be attributed to these characteris-
tics of FA and ADC values [14,32]. In contrast, the
voxel number indicates the volume of the remaining
AF [33,34]. Therefore, our results appear to indicate that
the voxel number of the left AF reflected language
function of patients, irrespective of directionality and
diffusivity of the AF. On the other hand, discontinuation
or non-construction of the left AF was an important
factor for language function in these patients. Non-
reconstruction of the left AF in the type A group appears
to indicate severe degeneration of the left AF following
severe injury of the left AF at stroke onset.
Following introduction of DTI, several studies re-
ported on the relationship of AF finding on DTI and
language function in stroke patients with aphasia
[15,16,18,19,23]. In 2008, Breier et al reported FA
values on DTT of the left AF and superior longitudinal
fasciculus scanned at chronic stage (1-72 months), showed
correlation with repeatability of language in 20 stroke
patients with aphasia [15]. In 2009, Hosomi et al reported
on comparison of the asymmetry of FA value and fiber
number between the right and left AF on DTT takenTable 2 Correlation between aphasia quotient with




Fractional anisotropy 0.275 0.255
Apparent diffusion coefficient −0.286 0.236
Voxel number 0.471 0.042*
*p < 0.05.within two days from onset in 13 patients with left middle
cerebral artery infarcts. Significant loss of fiber number of
the left AF, compared with the right AF, was observed in
the group of patients with aphasia, irrespective of change
of FA value at discharge (13-52 days after onset) [16]. In
2010, Zhang et al reported on a decrease in FA value and
fiber number of the left AF in 10 patients with conduction
aphasia [18]. Using DTT, they also observed injuries of the
left AF in these patients. Subsequently, Marchina et al
[2010], who estimated the volume of three language-
related neural tracts (the AF, extreme capsule, and uncin-
ate fasciculus, which were affected by a stroke lesion),
found that lesion loads of the AF were predictive of
language function in terms of rate, informativeness,
efficacy of speech, and naming ability in 23 chronic stroke
patients with aphasia [19]. A recent study by Kim et al
[2012] reported that the integrity of the left AF was an
important factor in prediction of prognosis of language
function in stroke patients with aphasia [23]. Therefore,
our results coincided with findings from the previous
studies described above, showing correlation of language
function of stroke patients with aphasia with the volume
of the remaining left AF and preservation of integrity of
the left AF was found to be important for language func-
tion in stroke patients [16,19,23]. However, our result
showing that FA value of the left AF did not show correl-
ation with language function was not completely consist-
ent with results of previous studies reporting controversial
results [15,18]. We believe that this discordance might be
attributed to the characteristics of FA value, which repre-
sents the degree of directionality of the AF [14,32].
Conclusions
In conclusion, according to our findings, the remaining
volume of the left AF, irrespective of directionality and
diffusivity, showed moderate positive correlation with
language function in chronic stroke patients with
aphasia. Discontinuation or non-construction of the
left AF was also an important factor for language
function. One of the limitations of this study was the small
number of subjects. Because this study was conducted
retrospectively, we could not conduct a detailed evaluation
of the language function of patients. In addition, we did
not control the education level of patients and the volume
of stroke lesion volume which can affect the language
function. The fact that we did not analysis the other
neural tracts which are involved in language function is an
another limitation of this study [35]. Therefore, further
prospective studies to overcome these limitations should
be encouraged. On the other hand, limitations of DTT
should be considered: the fiber tracking technique is
operator-dependent, and regions of fiber complexity and
crossing might prevent full reflection of the underlying
fiber architecture [36,37].
Tak and Jang BMC Neurology 2014, 14:46 Page 5 of 5
http://www.biomedcentral.com/1471-2377/14/46Abbreviations
AF: Arcuate fasciculus; DTT: Diffusion tensor tractography; DTI: Diffusion
tensor imaging; K-WAB: Korean-Western Aphasia Battery; FMRIB: Functional
Magnetic Resonance Imaging of Brain; FA: Fractional anisotropy;
ADC: Apparent diffusion coefficient.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
HJT participated in the design of the study, collection and analysis of data,
and drafting the manuscript. SHJ participated in the design of the study,
funding, and writing the manuscript. Both authors read and approved the
final manuscript.
Acknowledgements
This research was supported by Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by the Ministry of
Education, Science and Technology (2012R1A1A4A01001873).
Received: 15 October 2013 Accepted: 13 January 2014
Published: 8 March 2014
References
1. Wade DT, Hewer RL, David RM, Enderby PM: Aphasia after stroke: natural
history and associated deficits. J Neurol Neurosurg Psychiatry 1986,
49(2):11–16.
2. Pedersen PM, Jorgensen HS, Nakayama H, Raaschou HO, Olsen TS: Aphasia
in acute stroke: incidence, determinants, and recovery. Ann Neurol 1995,
38(4):659–666.
3. Laska AC, Hellblom A, Murray V, Kahan T, Von Arbin M: Aphasia in acute
stroke and relation to outcome. J Intern Med 2001, 249(5):413–422.
4. Engelter ST, Gostynski M, Papa S, Frei M, Born C, Ajdacic-Gross V, et al:
Epidemiology of aphasia attributable to first ischemic stroke: incidence,
severity, fluency, etiology, and thrombolysis. Stroke 2006, 37(6):1379–1384.
5. Demeurisse G, Demol O, Derouck M, de Beuckelaer R, Coekaerts MJ, Capon A:
Quantitative study of the rate of recovery from aphasia due to ischemic
stroke. Stroke 1980, 11(5):455–458.
6. Robey RR: A meta-analysis of clinical outcomes in the treatment of
aphasia. J Speech Lang Hear Res 1998, 41(1):172–187.
7. Ferro JM, Mariano G, Madureira S: Recovery from aphasia and neglect.
Cerebrovasc Dis 1999, 9(Suppl 5):6–22.
8. Berthier ML: Poststroke aphasia : epidemiology, pathophysiology and
treatment. Drugs Aging 2005, 22(2):163–182.
9. Catani M, Mesulam M: The arcuate fasciculus and the disconnection
theme in language and aphasia: history and current state. Cortex 2008,
44(8):953–961.
10. Thulborn KR, Carpenter PA, Just MA: Plasticity of language-related brain
function during recovery from stroke. Stroke 1999, 30(4):749–754.
11. Duffau H, Capelle L, Sichez N, Denvil D, Lopes M, Sichez JP, et al:
Intraoperative mapping of the subcortical language pathways using
direct stimulations. An anatomo-functional study. Brain 2002,
125(Pt 1):199–214.
12. Payabvash S, Kamalian S, Fung S, Wang Y, Passanese J, Souza LC, et al:
Predicting language improvement in acute stroke patients presenting
with aphasia: a multivariate logistic model using location-weighted
atlas-based analysis of admission CT perfusion scans. Am J Neuroradiol
2010, 31(9):1661–1668.
13. Mori S, Crain BJ, Chacko VP, van Zijl PC: Three-dimensional tracking of
axonal projections in the brain by magnetic resonance imaging.
Ann Neurol 1999, 45(2):265–269.
14. Assaf Y, Pasternak O: Diffusion tensor imaging (DTI)-based white matter
mapping in brain research: a review. J Mol Neurosci 2008, 34(1):51–61.
15. Breier JI, Hasan KM, Zhang W, Men D, Papanicolaou AC: Language
dysfunction after stroke and damage to white matter tracts evaluated
using diffusion tensor imaging. Am J Neuroradiol 2008, 29(3):483–487.
16. Hosomi A, Nagakane Y, Yamada K, Kuriyama N, Mizuno T, Nishimura T, et al:
Assessment of arcuate fasciculus with diffusion-tensor tractography may
predict the prognosis of aphasia in patients with left middle cerebral
artery infarcts. Neuroradiology 2009, 51(9):549–555.17. Schlaug G, Marchina S, Norton A: Evidence for plasticity in white-matter
tracts of patients with chronic Broca’s aphasia undergoing intense
intonation-based speech therapy. Ann N Y Acad Sci 2009, 1169:385–394.
18. Zhang Y, Wang C, Zhao X, Chen H, Han Z, Wang Y: Diffusion tensor
imaging depicting damage to the arcuate fasciculus in patients with
conduction aphasia: a study of the Wernicke-Geschwind model.
Neurol Res 2010, 32(7):775–778.
19. Marchina S, Zhu LL, Norton A, Zipse L, Wan CY, Schlaug G: Impairment of
speech production predicted by lesion load of the left arcuate
fasciculus. Stroke 2011, 42(8):2251–2256.
20. Kwon HG, Jang SH: Excellent recovery of aphasia in a patient with
complete injury of the arcuate fasciculus in the dominant hemisphere.
NeuroRehabilitation 2011, 29(4):401–404.
21. Kim SH, Lee DG, You H, Son SM, Cho YW, Chang MC, et al: The clinical
application of the arcuate fasciculus for stroke patients with aphasia: a
diffusion tensor tractography study. NeuroRehabilitation 2011, 29(3):305–310.
22. Song X, Dornbos D 3rd, Lai Z, Zhang Y, Li T, Chen H, et al: Diffusion tensor
imaging and diffusion tensor imaging-fibre tractograph depict the
mechanisms of Broca-like and Wernicke-like conduction aphasia.
Neurol Res 2011, 33(5):529–535.
23. Kim SH, Jang SH: Prediction of Aphasia Outcome Using Diffusion Tensor
Tractography for Arcuate Fasciculus in Stroke. Am J Neuroradiol 2013,
34(4):785–790.
24. Kim H, Na DL: Normative data on the Korean version of the Western
Aphasia Battery. J Clin Exp Neuropsychol 2004, 26(8):1011–1020.
25. Shewan CM, Kertesz A: Reliability and validity characteristics of the
Western Aphasia Battery (WAB). J Speech Hear Disord 1980, 45(3):308–324.
26. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TE,
Johansen-Berg H, et al: Advances in functional and structural MR
image analysis and implementation as FSL. Neuroimage 2004,
23(Suppl 1):S208–S219.
27. Nucifora PG, Verma R, Melhem ER, Gur RE, Gur RC: Leftward asymmetry in
relative fiber density of the arcuate fasciculus. Neuroreport 2005,
16(8):791–794.
28. Jiang H, van Zijl PC, Kim J, Pearlson GD, Mori S: DTIStudio: resource
program for diffusion tensor computation and fiber bundle tracking.
Comput Methods Programs Biomed 2006, 81(2):106–116.
29. Vernooij MW, Smits M, Wielopolski PA, Houston GC, Krestin GP, van der Lugt A:
Fiber density asymmetry of the arcuate fasciculus in relation to functional
hemispheric language lateralization in both right- and left-handed healthy
subjects: a combined fMRI and DTI study. Neuroimage 2007,
35(3):1064–1076.
30. Kwak R, Kadoya S, Syzyki T: Factors affecting the prognosis in thalamic
hemorrhage. Stroke 1983, 14(4):493–500.
31. Evans JD: Straignt forward statistics for the behavioural science. Pacific Grove,
CA: Brooks.Cole Pub. Co; 1996.
32. Neil JJ: Diffusion imaging concepts for clinicians. J Magn Reson Imaging
2008, 27(1):1–7.
33. Pagani E, Horsfield MA, Rocca MA, Filippi M: Assessing atrophy of the
major white matter fiber bundles of the brain from diffusion tensor MRI
data. Magn Reson Med 2007, 58(3):527–534.
34. Pagani E, Agosta F, Rocca MA, Caputo D, Filippi M: Voxel-based analysis
derived from fractional anisotropy images of white matter volume
changes with aging. Neuroimage 2008, 41(3):657–667.
35. Axer H, Klingner CM, Prescher A: Fiber anatomy of dorsal and ventral
language streams. Brain Lang 2013, 127(2):192–204.
36. Lee SK, Kim DI, Kim J, Kim DJ, Kim HD, Kim DS, et al: Diffusion-tensor MR
imaging and fiber tractography: a new method of describing aberrant
fiber connections in developmental CNS anomalies. Radiographics 2005,
25(1):53–65.
37. Yamada K, Sakai K, Akazawa K, Yuen S, Nishimura T: MR tractography: a
review of its clinical applications. Magn Reson Med Sci 2009, 8(4):165–174.
doi:10.1186/1471-2377-14-46
Cite this article as: Tak and Jang: Relation between aphasia and arcuate
fasciculus in chronic stroke patients. BMC Neurology 2014 14:46.
